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@ A method and apparatus for reducing suspen- 
sion end-stop collisions is disclosed. The method 
and apparatus controls the operation of an isolation 
system (10) having an adjustable damper assembly 
(22) interconnecting relatively movable members 
(12,14) to attenuate.the transmission of Jorces there- 
between, in which relative movement of the mem- 
bers (12,14) is restricted beyond a certain limit by 
one or more end stops (A.B). Sensors (48.50,52 and 
54) monitor the conditions of the system such as the 
displacement, velocity and acceleration of the mem- 
bers (12,14). Damper command signals are provided 
to the damper assembly (22) to adjust the damping 
characteristics of the assembly (22), as determined 
by the data, in accordance with both a primary 
control policy and an override control policy. The 
override control policy alters the damper command 
signals as necessary to increase the damping char- 
acteristics of the damper assembly al limes when 
the Isolation system (10) is likely to meet or exceed 
the end stops (A,B) in order to minimise the in- 
cidence of end-stop collisions. 
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Field of the Invention 

The invention relates generally to vehicle sus- 
pension control systems and particularly to a sys- 
tem for reducing suspension end-stop collisions for 
relatively movable members interconnected by a 
semiactive damper assembly. 

Background of the Invention 



Isolation systems such as vehicle suspensions 
or the like serve to reduce the shock and vibratory 
forces between relatively movable members such 
as a vehicle body (a sprung mass) and a support 
or vehicle wheel (an unsprung mass). Forces trans- 
mitted between the members are attenuated using 
dampers that comprise piston and cylinder assem- 
blies having variable volume chambers intercon- 
nected by an orifice or passageway through which 
fluid Is displaced, and throttled, according to the 
size of the orifice. 

Prior art isolation systems may be character- 
ized as passive, fully active or semiactive. A pas- 
sive Isolation system, such as the spring-dashpot 
combination used in most automobiles, typically 
provides good isolation in a certain frequency 
range of operation, but is subject to amplified ex- 
citation in passing through its resonant or natural 
frequency such that its damping forces will at times 
amplify, rather than attenuate, force transmission 
between the interconnected (sprung and unsprung 
mass) members. More particularly, a passive Isola- 
tion system Is often incapable of providing damp- 
ing forces sufficient to appropriately attenuate the 
excitation of the sprung mass member. Other pas- 
sive isolation systems provide good control of the 
sprung mass isolation at the natural frequency of 
the suspension, while imparting too much damping 
force between the interconnected members at oth- 
er frequencies, resulting in a "harsh" ride. 

Fully active isolation systems differ from pas- 
sive systems in that they employ an external power 
source or force generator for supplying energy in a 
controlled manner to counteract vibrational forces. 
As a result, the damping coefficient and hence the 
effective natural frequency of a suspension em- 
ploying & fully active damper can be continually 
adjusted to the desired value to provide isolation 
superior to that of passive devices. However, fully 
active systems require a large auxiliary power 
source and are not sufficiently responsive at high 
operating frequencies due to inadequacies of such 
equipment to respond rapidly to control signals. 

Semiactive isolation systems are defined as 
those which require no external energy other than 
that needed to actuate valves, sensors and con- 
trols, yet are capable of providing for rapid 
changes in the damping coefficient of the damper 



interconnecting the members so as to optimize the 
attenuation of forces between the members. A 
semiactive system can create a force opposing 
motion, but not in the direction of motion. Thus, the 

5 term "semiactive" refers to control systems which 
are only capable of removing energy from a sys- 
tem. Semiactive systems are nonetheless capable 
of performance approaching that of a fully active 
system when operated pursuant to a suitable con- 

10 trol policy, and in particular those control policies 
which emulate a hypothetical "skyhook" damper as 
described In Karnopp, D.C. et aL. "Vibration Con- 
trol Using Semiactive Force Generators," ASME 
Paper No. 73-DET-123 (June 1974). incorporated 

75 herein by reference. Semiactive dampers and con- 
trol policies for them, are disclosed in Karnopp, 
U.S. Patent No. 3,807,678; Miller et al.. U.S. Patent 
Nos. 4,821,849, 4,838.392 and 4,898.264; Boone, 
U.S. Patent No. 4,936,425; and Ivors. U.S .Patent 

20 No. 4.887,699, all owned by the assignee of the 
present Invention. The disclosures of the foregoing 
patents are Incorporated herein by reference, 

Semiactive dampers may be either of the 
"off/on" type, of the "orifice-setting" type, or of the 

25 "force-controlled" type. An "off/on" semiactive 
damper is switched, in accordance with the dic- 
tates of a suitable control policy, between alter- 
native "on" and "off" damping states or conditions. 
In the "on" state, the damping coefficient of the 

30 damper is of a preselected, relatively high mag- 
nitude. The term damping coefficient as used here- 
in Is understood to mean the relationship of the 
damping force generated by the damper to the 
relative velocity across the damper, which relatlon- 

35 ship is not necessarily linear. In its "off" state, the 
damping coefficient of the damper is approximately 
zero or of a relatively low magnitude sufficiently 
greater than zero so as to discourage "wheel hop". 
An orifice-setting semiactive damper is also 

40 switched during operation between an "off" state, 
where the damping coefficient is approximately 
zero or of some relatively low magnitude, and an 
"on" state. However, when a orifice-setting semiac- 
tive damper is in its "on" state the damping coeffi- 

45 cient thereof may be and normally is changed 
between a large (theoretically infinite) number of 
different magnitudes. The magnitude of the damp- 
ing coefficient is typically determined by the diam- 
eter setting of the valve orifice in the damper. 

50 A "force-controlled" damper, in theory, is ca- 

pable of creating any desired dissipative force in 
the "on" state independent of the relative velocity 
across the damper. This Is In contrast to the afore- 
mentioned "off/on" and "orifice-setting" dampers in 

55 which the damping force in the "on" state depends 
on the relative velocity across the damper. A force- 
controlled damper can either be realized by use of 
feedback control or by use of pressure control 
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valves. In the "off" state the force-controlled damp- 
er will command the valve to the full-open position 
In which the damping coefficient is approximately 
zero or of some relatively low value. 

Although the foregoing semiactive isolation 
systems offer significant performance advantages 
over other types of isolation systems they have 
been known to experience difficulties when sub- 
jected to large, abrupt input disturbances such as 
those encountered on rough terrain or upon the 
landing of an aircraft, for example. Excessive ve- 
hicle body motions and suspension travel can often 
result in damaging or uncomfortable force inputs to 
the vehicle when the suspension reaches its end of 
travel in either a retracted or extended condition so 
as to impact the mechanical end stops of the 
suspension. The aforesaid suspension end-stop 
collisions are often referred to as "bottoming out" 
of the suspension, when such occurs in the re- 
tracted condition. End-stop collisions result in deg- 
raded isolation of the vehicle body by significantly 
Increasing the root-mean-square (RMS) accelera- 
tions thereof and further place undue stress on 
system components to such an extent as to short- 
en their useful life. 

Semiactive isolation systems employing an 
above-described "skyhook" control policy or a de- 
rivative thereof, tend to increase the average range 
of suspension deflection to provide "smoother" ride 
characteristics and therefore can, under certain 
conditions, actually increase the incidence of sus- 
pension end-stop collisions. This tendency is dis- 
cussed in Miller, "Tuning Passive, Semiactive and 
Fully Active Suspension Systems." Proceedings of 
the 27th CDC of IEEE. Vol. 3. 1988 and in Ivers et 
al., "Experimental Comparison of Passive, On/Off 
Semiactive and Continuous Semiactive Suspen- 
sions" SAE Paper No. 892484. December 7. 1989. 

The incidence of suspension end-stop colli- 
sions could be reduced or even eliminated by use 
of a very stiff damper with a high damping coeffi- 
cient. However, this would defeat the performance 
advantages of semiactive control by unnecessarily 
limiting the range of suspension deflection for the 
given range of motion of the suspension and unac- 
ceptably degrade the isolation of the vehicle. 

Various types of spring and elastomeric bump- 
ers have been designed to reduce the severity of 
end-stop collisions. Typically, these bumpers or 
other means are designed to be internal to the 
damper cylinder and provide for hydromechanical 
or pneumatic cushioning after the piston has ap- 
proached closer to a particular end-stop than a 
prescribed distance. Examples of such devices are 
disclosed in Mourray. U.S. Patent No. 4.527.674 
and Kaneko, U.S. Patent No. 4.700,611. Other ar- 
rangements are provided which progressively In- 
crease damping as the damper nears its end of 



travel, such as disclosed in Sorgatz et al.. U.S. 
Patent No. 4.004,662; Wossner. U.S. Patent No. 
4,768,629; and Hauswirth, U.S. Patent No. 
3,885,654. 

5 A limitation of the aforementioned stroke de- 

pendent dampers is that they tend to reduce the 
available range of suspension deflection which ad- 
versely affects their ability to provide optimized 
isolation of the vehicle. Also, the end-stop cushion- 

10 ing or other means is permanently installed in the 
damper and may not be overridden, rendering the 
damper unsuitable for the cooperative implementa- 
tion of semiactive control functions. The aforemen- 
tioned dampers further are limited in that they do 

75 not anticipate and avoid end-stop collisions accord- 
ing to variable quantities external to the damper 
such as mass, velocity and input displacement. All 
of the above result in reduced isolation perfor- 
mance. 

20 

Summary of the Invention 



The present invention provides a method and 
apparatus for reducing the incidence and severity 

25 of suspension end-stop collisions in semiactive iso- 
lation systems without any significant degradation 
of their performance. The method and apparatus 
controls the operation of an Isolation system having 
an adjustable damper assembly interconnecting 

30 relatively movable members to attenuate the trans- 
mission of forces therebetween In which relative 
movement of the members is restricted beyond a 
certain limit by one or more end stops. The con- 
ditions of operation of the isolation system are 

35 monitored by sensors or the like to produce data 
indicative of relative displacement, relative velocity, 
acceleration or other conditions. Damper command 
signals are provided to the damper assembly to 
adjust the damping characteristics of the assembly, 

40 as determined by the data, in accordance with both 
a primary control policy and an override control 
policy. The override control policy alters the damp- 
er command signals as necessary to increase the 
damping characteristics of the damper assembly at 

45 times when the isolation system is likely to meet or 
exceed the end stops in order to reduce or mini- 
mize the incidence of end-stop collisions. 

The primary control policy receives data from 
the sensors and produces primary command sig- 

50 nals to be used for the attention of forces between 
the members in accordance with the preselected 
instructions of the control policy. Preferably, a 
semiactive control policy simulating a hypothetical 
skyhook damper is utilized. The override control 

65 policy also receives data from the sensors for 
producing override command signals to be used 
. for reducing end-stop collisions in accordance with 
the preselected instructions of the override control 

3 
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policy. The override control policy includes means 
for niaking an error value calculation based on the 
data received which indicates when end-stop colli- 
sions are likely to occur. The error value is sup- 
plied to a feedback control means for generating a 
force value which is a function of the error value. 
The force value determines the override connmand 
signal. A summing device receives the primary and 
override command signals and produces damper 
commjand signals which are a function of the pri- 
mary and override signals for adjusting the damp- 
ing characteristics of the damper assembly. A pre- 
ferred function for determining the damper com- 
mand signals is to set the damper command sig- 
nals equal to the greater of the primary and over- 
ride command signals, so as to provide an In- 
creased damping coefficient at times when end- 
stop collisions are likely and thereby minimize their 
occurrence. 

The system of the present invention may be 
utilized for isolation systems having damper as- 
semblies of both the force-controlled and orifice- 
setting types. 

Brief Description of the Drawings 

The novel features believed characteristic of 
the present invention are set forth in the appended 
claims. The invention itself, however, as well as 
other features and advantages thereof will be best 
understood by reference to the following detailed 
description of an illustrative embodiment when read 
In conjunction with the accompanying figures, 
wherein: 

FIG. 1 is a schematic view of a force attenuating 
suspension or similar mounting system which 
includes a semiactive damper assembly control- 
lable in accordance with the present invention; 
FIG. 2 is a functional block diagram of the 
system of FIG. 1 depicting the details of the 
controller; 

FIG. 3 is a flow chart Illustrating methods of the 
present invention for the system of FIG. 1 in 
which the damper assembly is of the force- 
controlled type; and, 

FIG, 4 is a flow chart illustrating methods of the 

present invention for the system of FIG. 1 in 
which the damper assembly is of the orifice- 
setting type. 

Detailed Description of the Preferred Embodiment 

Referring to FIG. 1 of the drawings, reference 
numeral 10 designates a two degree of freedom 
suspension or similar force-attenuating mounting 
system incorporating features of the present inven- 
tion. The system 10 interconnects vertically-spaced 
and relatively movable supported and supporting 



members 12, 14. By way of example, the members 
12, 14 may respectively be the body and unsprung 
mass components of an automobile, aircraft or oth- 
er motor vehicle that is supported upon a road or 
5 other surface 16 by one or more conventional, 
resillently deformable tire members 18. only one of 
which is shown. An axle 19 supports the tire mem- 
ber relative to the supporting member 14. A pri- 
mary function of the system 10 is to Isolate the 
10 supported member 12 insofar as possible from 
vibratory and/or other forces transmitted by the 
member 14 by input disturbances such as road- 
surface irregularities, abrupt Impacts, or the like. 
A pnmary suspension spring 20 and a semiac- 
75 five damper assembly 22 extend In substantially 
parallel relationship to each other between the 
members 12, 14 and are connected to the mem- 
bers. The damper assembly 22 is of the hydraulic 
piston and cylinder type having a hydraulic cyl- 
20 inder 24 enclosing a piston 26. A piston rod 28 is 
connected to the piston 26 and is secured to the 
supported member 12 by a suitable connector In- 
cluding, for example, a bushing 30 formed by 
elastomer or similar resilient, compliant material. 
25 The cylinder 24 is secured to the supporting mem- 
ber 14 by a suitable connector which includes, for 
example, a deformable bushing 32, also formed of 
elastomer or similar resilient, compliant material. 
Relative vertical movement between the members 
30 12. 14 causes relative vertical movement between 
the cylinder 24 and the piston 26. which in turn 
displaces a hydraulic fluid (not shown) between 
upper and lower variable volume fluid chambers 
34, 36 of the cylinder 24, via an electrically or 
35 otherwise rapidly adjustable control valve 38 for- 
ming part of a hydraulic circuit 40 interconnecting 
such chambers. Such circuitry Is often contained 
wholly within the piston. The rod 28 of the damper 
assembly 22 illustratively extends through both of 
40 the fluid chambers 34 and 36 such that the amount 
of fluid displaced between the chambers is the 
same irrespective of whether the displacement Is 
produced by compression or by extension of the 
assembly 22. Alternatively, an accumulator or the 
45 like (not shown) is connected to the chamber 36. 

The damper assembly 22 is of the continuous 
force-controlled type such as that utilized in Ivors 
et al., "Experimental Comparison of Passive, Semi- 
active On/Off and Semi-active Continuous Suspen- 
se sions", SAE Technical Paper Series No. 892484, 
November 1989. The damper assembly 22 is rap- 
idly switchable between an "off" damping state or 
condition in which the damping coefficient of the 
damper is of relatively low magnitude (which in 
55 some cases is approximately zero), and an "on" 
state wherein a desired force is created indepen- 
dently of the velocity across the damper. Changes 
in the damping state of the damper assembly 22 
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result from control signals that are imparted to an 
actuator (not shown) of the valve 38 and that cause 
the valve to throttle or restrict fluid flow through the 
valve to the extent indicated by the signals. The 
valve 38 may be of a nnechanical, electrorheolog- 
ical, or any other type capable of rapid operation in 
the foregoing nnanner. It is understood that the 
assembly 22 may be commanded to produce & 
desired force regardless of the relative velocity of 
the system, although some hardware limitations do 
apply. 

In an alternative embodiment, it is understood 
that the damper assembly 22 may be a simple 
orifice-setting damper. An orifice-setting damper is 
limited In that it is unable to produce an arbitrary 
force on command, and is only capable of re- 
sponding to a valve position command. Typically 
many valve positions are required to adequately 
implement the proposed end-stop override. 

Two interlocking members 42 and 44 are re- 
spectively connected to the members 12. 14 and 
schematically represent the limits of suspension 
travel for the system 10. The reference letter "A" 
represents the extension ("rebound") end stop of 
the system 10 which is reached when the mem- 
bers 12, 14 reach full extension away from each 
other. The reference letter "B" represents the re- 
traction ("jounce") end stop of the system 10 which 
is reached when the members 12, 14 are in a fully 
retracted or compressed position with respect to 
each other. Snubbers 43, 45 are respectively lo- 
cated at end stops A, B. The snubbers 43, 45 are 
usually resilient, deformable members made of 
elastomeric material or the like and serve to cush- 
ion the impact of the members 42, 44 when engag- 
ing the end stops A, B. 

The designations "X". "XI". respectively des- 
ignate the absolute vertical displacement and the 
absolute velocity of the supported member 12. it 
being arbitrarily indicated that these are positive 
when in an upper direction and thus are negative 
when in a downward direction. The same sign 
convention in the letters "Y". "Y1" similarly des- 
ignate the absolute vertical displacement and the 
absolute velocity of the supporting member 14. 
When the system 10 is at rest, X, X1, Y and Y1 are 
all zero. The designation "Xr" indicates the relative 
displacement of the system 10 and is given by the 
difference X - Y. When the system 10 is at rest, the 
relative displacement Xr is zero. The designation 
"Xes" represents the relative displacement of the 
system 10 in full extension. The designation "-Xes" 
represents the relative displacement of the system 
10 in full retraction. Here it is assumed for simplic- 
ity of illustration that the equilibrium position is 
midway between end stops. The designation "Vr" 
represents the relative velocity of the system 10 
and is given by the difference XI - Y1 . 



A controller 46, subsequently discussed in de- 
tail, produces electronic control signals for control- 
ling the valve 38 of the damper assembly 22 in 
order to instantaneously select the damping coeffi- 

5 cient of the assembly for best isolation of the 
supported member 12. The controller 46 operates 
pursuant to a preselected control policy, as de- 
scribed further below, and receives input data from 
selected ones of a plurality of motion sensors 48. 

w 50. 52 and 54 associated with the members 12. 
and 14. The sensors 48, 50 directly detect the 
instantaneous relative displacement Xr and the in- 
stantaneous relative velocity Vr. respectively, of the 
members 12, 14. The data from the sensors 48. 50 

;5 is sent via lines 56, 58 to the controller 46. The 
sensor 52 detects the absolute vertical acceleration 
"a" of the member 12 and sends this data via line 
60 to the controller 46. The acceleration data from 
the sensor 52 may be utilized to derive displace- 

20 ment, absolute velocity and/or relative velocity 
data. Since the data produced by the sensors 48, 
50 can also be derived from the data produced by 
the acceleration sensors 52, 54, it will be appre- 
ciated that not ail of the illustrated sensors need be 

25 employed or provided in association with the sys- 
tem 10. It will also be understood that pressure- 
sensitive and other types of sensors might be used 
instead of or in addition to the illustrated ones. In 
addition, the preselected control policy might also 

30 employ sensors to detect brake pedal position, 
speed, steering angle, attitude, etc. 

Referring to FIG. 2, there is shown a functional 
block diagram of the system 10 illustrating details 
of the controller 46. Suspension block 64 repre- 

36 sents the dynamic elements of the system 10. 
Including the members 12, 14, the spring 20, the 
damper assembly 22 and the sensors 48, 50. 52 
and 54. The controller 46 receives electrical signals 
from the sensors in the suspension block 64 indica- 
te five of the displacement, velocity and acceleration 
of the members 12, 14, as discussed above, on the 
lines 56, 58, 60 and 62. The controller 46 pro- 
cesses the sensor data in real time using semiac- 
tive control techniques to supply damper command 

45 force signals (Fc) to the damper assembly 22. The 
signals Fc are used to vary the amount of damping 
of the assembly 22 in order to provide improved 
isolation and handling of the supported member 1 2. 
While not shown, it is understood that the controller 

50 46 may be embodied as analog circuitry or as a 
digital computing system. 

The controller 46 includes a primary control 
block 66. an override control block 68 and a sum- 
ming device 70. The primary control block 66 im- 

55 plements a primary control policy, as discussed 
further below, to supply primary control command 
force signals (Fp) to the summing device 70 based 
upon the signals rieceived from the suspension 



9 



EP 0 539 063 A1 



10 



block 64 on one or more of the sensor lines 56, 58. 
60 and 62. The override control block 68 receives 
fronn the suspension block 64 signals on the sensor 
lines 56. 58 indicative of the relative velocity Vr and 
the relative displacement Xr of the members 12. s 
14. The override control block 68, as discussed in 
detail below, implements a unique override control 
policy for supplying end-stop override command 
force signals (Fes) to the summing device 70. The 
summing device 70 combines the Fp signal and io 
the Fes signal and. using appropriate gain devices 
or other circuitry (not shown), supplies the damper 
command force signal (Fc) to the damper assem- 
bly 22. During normal operation of the system 10, 
in one preferred embodiment of the present inven- 75 
tion. the damper command force signal Fc is deter- 
mined solely by the primary control command 
force signal Fp. The end-stop override command 
force signal Fes contributes to the damper com- 
mand force signal Fc only at times when the pri- 20 
mary control command force signal Fp is unable to 
cause the damper assembly 22 to generate a force 
necessary to avoid an impending end-stop colli- 
sion. The override control block 68 logically deter- 
mines whether an end-stop collision is likely to 25 
occur, and if so. overrides the primary control block 
66 by producing an end-stop override command 
force signal Fes. The ovemde control block 68 
therefore only intervenes when necessary to pre- 
vent end-stop collisions but otherwise allows the 30 
primary control block 66 to govern operation of the 
system 10. 

Alternatively, during normal operation of the 
system 10, the damper command force signals Fc 
could be determined solely by the end-stop over- 35 
ride command force signals Fes. Only at times 
when an end-stop collision was impending would 
an increase in damping be commanded. At times 
when the actual relative velocity Vr were less than 
the maximum allowable relative velocity Vrm, the 4o 
end-stop override control policy could reduce the 
commanded damper force signal Fc. The effect 
would be to minimize the acceleration experienced 
by the passengers by maximizing the relative dis- 
placement Xr (the RMS value of the relative dis- 45 
placement Xr would approach .707Xes). Such a 
control policy might be useful for off-road vehicles 
where large road disturbances are present and 
suspension travel is important for reducing the per- 
ceived harshness of the ride. 50 

The primary control block 66 is preprogram- 
med so as to operate in accordance with a stan- 
dard or modified version of any one of a plurality of 
semiactive damper control policies. One known 
control policy emulates a skyhook damper and is 55 
based upon the sign of the product of the relative 
velocity (XI - Y1) between the supported and the 
supporting members 12, 14 times the absolute 



velocity XI of the supported member. More specifi- 
cally, the standard version of the control policy 
dictates that the damping coefficient of the damper 
assembly 22 be approximately zero or of other 
preselected relatively low magnitude when the 
product X1 (X1 - Y1) is less than zero. i.e.. when 
the sign of the aforesaid product is negative or 
minus. At those times when the product XI (X1 - 
Y1) is greater than zero, i.e.. when the sign of the 
product is positive or plus, the standard control 
policy causes the damper to be "on" and also then 
so varies the damping coefficient of the damper as 
to cause its damping forces to be proportional to 
the absolute velocity XI of the supported member 
12 of the system 10. In its implementation of this 
control policy, or a modified version of It, the 
primary control block 66 may obtain the necessary 
data with respect to the relative velocity Vr from 
the sensor 48 or may derive all of the necessary 
data from that supplied by the sensor 52 and 54, or 
from some other source. 

Another semiactive control policy which may 
be utilized by the primary control block 66, in its 
standard or modified form, also emulates a 
skyhook damper and is based upon the sign of the 
product of the relative velocity (XI - Yl) of the 
supported and supporting members 12. 14 times 
the relative displacement (X - Y) of such members. 
The standard version of this control policy dictates 
that the damping coefficient of the damper assem- 
bly 22 be approximately zero or of the other 
preselected relatively low magnitude when the 
product (X - Y) PC1 - Y1) is greater than zero, i.e., 
when the sign of the product is positive. When the 
sign of the aforesaid product is negative or minus, 
i.e.. when the product (X - Y) (XI - Yl) is less than 
zero, the standard control policy causes the damp- 
ing coefficient of the damper assembly 22 to be 
such as to cause generation of damping forces 
proportional to the relative displacement Xr of the 
supported and supporting members 12, 14. The 
relative displacement and relative velocity data 
needed for implementation of the control policy 
may be obtained directly from the sensors 48, 50 
or, alternatively, may be derived from the data 
produced by either of the acceleration sensors 52. 
or 54 or by either sensor 48, or 50. Other control 
policies are also contemplated. 

The override control block 68 implements an 
end-stop override control policy which effectively 
overrides the aforementioned primary control policy 
to produce an increased damper force when nec- 
essary to avoid end-stop collisions. An end-stop 
calculation block 72 logically determines when the 
instantaneous relative velocity Vr of the members 
12. 14 exceeds a predetermined maximum relative 
velocity value "Vrm," above which an end-stop 
collision may occur. The end-stop calculation block 
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72 generates an error value "e." in a manner to be 
described below, which represents the difference 
between the instantaneous relative velocity Vr and 
the maximunn allowable relative velocity Vrm and 
furnishes it to a feedback control block 74. The 
feedback control block 74 receives the error value 
e and utilizes it to generate the end-stop override 
command force Fes using feedback control tech- 
niques as described below. 

FIG. 3 depicts a flow chart which further de- 
scribes the end-stop override control policy of the 
override control block 68. The functions in FIG. 3 
may be executed by computer program instruc- 
tions stored in the controller 46. The actual pro- 
gram code to perform these functions may be 
generated using conventional programming tech- 
niques, and is therefore omitted herein for clarity. 

In step 100, parameters of the system 10 are 
initialized which vary depending on the dimensions, 
damper configuration and operating environment of 
the system. These parameters include, for exam- 
ple, the available relative displacement from equi- 
librium of the suspension, represented by the des- 
ignation "Xes"; the maximum allowable accelera- 
tion of the system 10 represented by the designa- 
tion "Am"; and the feedback gain coefficient, repre- 
sented by the designation "V". The available rela- 
tive displacement Xes is the suspension travel dis- 
tance from an equilibrium or zero position to the 
extension end stop A. In the opposite direction, the 
available relative displacement -Xes is the suspen- 
sion travel distance from the equilibrium or zero 
position to the retraction end stop B. Thus, the total 
suspension travel distance is equal to 2Xes. The 
maximum allowable acceleration. Am, is the maxi- 
mum allowable absolute vertical acceleration of the 
support member 1 2 and is set by the ride engineer 
to an arbitrary value to maintain the desired pas- 
senger comfort. The value of Am determines, in 
conjunction with other factors, the breadth of con- 
ditions in which a control error value ("e") is gen- 
erated. The coefficient V determines how much 
force is applied for a given error. Other parameters 
may also need to be initialized, depending upon 
the particular feedback control techniques em- 
ployed as discussed below. The foregoing param- 
eters are typically obtained empirically. 

Once the above parameters are initialized, the 
override control policy may proceed to perform its 
remaining functions in a repeat loop whereby the 
damper command force signal Fc is determined 
and provided to the damper assembly 22 on the 
order of once every few milliseconds. In step 102, 
the relative velocity Vr and the relative displace- 
ment Xr of the supported and supporting members 
12, 14 are determined. The relative velocity Vr of 
the members 12, 14 may be calculated by subtrac- 
ting the absolute velocity Y1 of the supporting 



member 14 from the absolute velocity XI of the 
supported member 12 as given by the equation Vr 
= XI - Y1. Similariy. the relative displacement Xr 
of the members 12, 14 may be determined by 
5 subtracting the absolute displacement Y of the sup- 
porting member 14 from the absolute displacement 
X of the supported member 12 as given by the 
equation Xr = X - Y. It is understood that these 
values may be alternatively calculated using single 

10 sensors or by other means. In another embodi- 
ment, Xr may be determined by integrating Vr; or 
Vr from differentiating Xr. 

In step 104 the distance remaining to the ap- 
proaching end stop is determined. This distance 

75 value is represented by the designation "Xdiff." 
Xdiff thus provides an indication of the remaining 
stopping distance available to avoid an end-stop 
collision. If the system 10 is extending, the dis- 
tance remaining Xdiff is the distance from the in- 

20 stantaneous relative displacement Xr to the exten- 
sion end stop A. Alternatively, if retracting, Xdiff is 
the distance remaining from the instantaneous rela- 
tive displacement Xr to the end stop B. The dis- 
tance remaining Xdiff is determined by the equa- 
ls tion Xdiff = Xes - Xr sign (Vr), where Xes is the 
available suspension displacement, Xr is the cur- 
rent position or instantaneous relative displacement 
of the members 12, 14, and sign(Vr) is the sign 
function of the relative velocity. If the relative ve- 

30 locity Vr is a positive value, sign(Vr) will equal one 
(1). If the relative velocity Vr is a negative value, 
sign(Vr) will equal minus one (-1). If the relative 
velocity Vr is zero, sign(Vr) is equal to zero (0). 
Sign(Vr) thus provides an indication of which end 

35 stop A or B Is being approached. When approach- 
ing either end stop from equilibrium position, the 
values for the instantaneous displacement Xr and 
the relative velocity Vr will have the same sign, 
such -that the product Xr sign (Vr) subtracted from 

40 Xes will cause the value of Xdiff to be positive and 
to go to zero at either end stop A or B. 

In step 106, a determination is made whether 
the system 10 has encountered an end-stop colli- 
sion and has passed beyond the end-stop position 

45 (either A or B) so that it has been cushioned by 
deflection of the resilient snubber and is returning 
toward equilibrium. It is understood that even when 
the override control policy is being implemented as 
described herein, there may be rare occasions 

so when the input disturbances to the system 10 are 
so great that an end-stop collision is unavoidable 
due in part to limited peak damper force. In such 
instances, it has been determined that the main- 
tenance of a high damping state is desirable, in 

55 most applications, when the system 10 is returning 
out of the snubber, in order to dissipate the energy 
stored in the snubber. One way to accomplish this 
result is to ensure that the sign of Xdiff is negative 
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whenever the snubber is deflected. The reason for 
requiring a negative value for Xdiff in such in- 
stances so as to produce a high damping force will 
be apparent in view of the error value calculation 
discussed below. Step 106 determines whether the 
system 1 0 is returning out of the snubber by com- 
paring the distance remaining Xdiff to the end stop 
with the available displacement of the system in 
both directions, given by 2Xes. Thus, if Xdiff is 
greater than 2Xes. the system has exceeded the 
limits of one of the suspension end stops and is 
heading toward the other end stop. If Xdiff is not 
greater than 2Xes, control proceeds to step 110, 
discussed below. However, if Xdiff is greater than 
2Xes, control proceeds to step 108. Step 108 alters 
Xdiff by letting Xdiff = Xes -|Xr|. By performing 
this operation, Xdiff will be a negative value so as 
to cause a high damping state when the below 
described error value is used to generate an end- 
stop command force Fes. 

Step 110 operates to determine the maximum 
allowable relative velocity "Vrm" above which an 
end-stop collision is likely to occur. The maximum 
allowable relative velocity Vrm is determined by 
the kinematic relationship Vrm = sqrt(2Am|Xdiff|)- 
sign(Xdiff). The parameter "Am" represents the 
maximum allowable constant deceleration for the 
system 10 and is preselected by the ride engineer 
to an arbitrary value as necessary to maintain the 
desired passenger comfort. The distance remaining 
to the end stop Xdiff, for the current instant in time, 
was previously calculated in either step 104 or step 
108 above. The function, sign p<diff), is necessary 
to account for the existence of the two end stops A 
and B, and provides for increased damping in the 
event an end-stop has been encountered, as will 
be described below. 

The maximum allowable relative velocity Vrm 
for the given instant in time, above which an end- 
stop collision is likely to occur, may then be used 
to generate an error value "e" in step 112. The 
error value e Is based on the difference between 
the instantaneous relative velocity Vr and the maxi- 
mum allowable relative velocity Vrm such that if e 
is a positive value, the calculated end-stop com- 
mand force Fes will provide an Increased damper 
command force Fc. in the manner to be described 
below. If the error value e is a negative value, then 
the primary control command force Fp is not over- 
ridden by the override control policy, and the pri- 
mary control policy dictates the value of the damp- 
er command force Fc. The error value e is deter- 
mined by the expression e = |Vr| - Vrm. The 
absolute value operator for |Vr| is necessary to 
account for the two possible directions of move- 
ment of the system 1 0. The error value e may then 
be used, as will be subsequently discussed, to 
generate a force which is a function of the error 



value for feedback to the summing device 70. 

Additional functionality arises from the calcula- 
tion of the error value a using the equations e = 
|Vr| - Vrm and Vrm = sqrt(2Am|Xdiff|)sign(Xdiff). 
6 This additional functionality is provided by the ele- 
ment signpcdiff) at times when the system 10 
passes one or the other of the end stops A or B 
and deflects the snubber 43 or 45. At the time the 
system 10 is moving into and deflecting the snub- 
10 ber 43 or 45, Xdiff passes through zero and be- 
comes negative. As a result, the maximum allowa- 
ble relative velocity Vrm also passes through zero 
and becomes negative. Because of the subtraction 
of this negative value from the absolute value of 
75 the instantaneous relative velocity Vr, the error 
value e is forced to be a positive value. Therefore, 
when the system 10 is deflecting and moving into 
the snubber 43 or 45 the control policy will force 
an increase in damping. This functionality provides 
20 for high damping even as Xdiff becomes negative. 

When the system 10 is returning cut of the 
snubber 43 or 45, its relative velocity changes 
direction. Accordingly, the sign of Xdiff as defined 
in block 104 would normally change to be positive, 
25 so that the allowable relative velocity Vrm also 
would change sign. The result would be that the 
error value e would become negative, indicating 
that no corrective action in the form of Increased 
damping would take place. However, steps 106 and 
30 108, as previously discussed, will permit the sign 
of Xdiff to remain negative so that a positive error 
value is created during the time when the system 
10 Is returning out of the snubber 43 or 45. This 
aspect of the control policy serves to dissipate the 
35 energy stored in the snubber 43 or 45. 

At step 114, control proceeds to generate an 
error force signal "Ferr" which is a function of the 
error value e, using feedback control techniques 
designed to drive the error value e to zero. The 
40 fact that the error force signal Ferr is generally a 
function of the error value e as given by the equa- 
tion Ferr = Fn(e). Example feedback control func- 
tions for generating the error force signal Ferr may 
include proportional functions, derivative functions, 
45 integral functions or some combinations thereof. If 
a derivative feedback function is used, the discon- 
tinuities in the error value e due to changes in the 
direction of the relative velocity Vr must be ignored 
by the differentiator. One feedback control function 
50 for computing the error force signal Ferr is to let 
the error force signal Ferr be proportional to the 
error value, that is. let Ferr = Ve. where V is a 
feedback gain coefficient. 

Once the error force signal Ferr is determined, 
55 control proceeds to step 116. At step 116. a deter- 
mination is made as to whether or not the error 
force signal Ferr is greater than zero. If the error 
force signal Ferr is greater than zero, control pro- 
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ceeds to step 118 to provide an end-stop override 
command force signal Fes which is equal to the 
error force signal Ferr. As will be discussed below, 
the end-stop override command force signal Fes is 
used to provide an increased damper control force 
signal Fc in order to avoid impending end-stop 
collisions. On the other hand, if the error force 
signal is equal to or less than zero, control pro- 
ceeds to step 120 whereby an end-stop override 
command force signal Fes is provided which is 
equal to zero. Under the circumstances in which 
the error force signal and hence the end-stop over- 
ride command force signal Fes is equal to zero, it 
is understood that the override control policy of the 
present invention lets the primary control policy 
command force signal Fp control the damper com- 
mand force signal Fc, since no end-stop collisions 
are then likely. Step 122 represents an alternative 
embodiment of the present invention. Instead of 
setting Fes equal to zero when Ferr is less than or 
equal to zero, step 122 sets the end-stop override 
command force signal Fes equal to the product 
hFerr. where h represents a constant which, for 
example, may range from zero to 1. The effect of a 
nonzero value for h would be to generate an end- 
slop command force signal Fes which would serve 
to increase the amount of suspension travel of the 
system 10 used by the normally running primary 
control policy, without increasing the number of 
end-stop collisions. This occurs because the pri- 
mary control command force signal Fp would gen- 
erally be attenuated whenever an end-stop collision 
is unlikely by subtraction of hFerr from Fp. Alter- 
ation of the primary control policy using an end- 
stop command force signal Fes proportional to Ferr 
in this manner may be useful in improving available 
suspension travel and thus ride comfort when used 
in conjunction with particular primary control poli- 
cies. - . . _ . . 

In step 124, a damper command force signal 
Fc is generated by the summing device 70 which 
is a function of the primary control policy command 
force signal Fp and the end-stop override com- 
mand force signal Fes. Generally, the foregoing is 
represented by the equation Fc = Fn(Fp, Fes). 
The summing device 70 receives the end-stop 
override command force signal Fes from the over- 
ride control block 68. Step 126 indicates that the 
summing device 70 also receives the instantaneous 
value of the primary control command force signal 
Fp from the primary control block 66. As previously 
stated in the preferred embodiment, where no end- 
stop collisions are likely, tfie end-stop override 
command force signal Fes will be equal to zero 
and the primary control policy will dictate com- 
mand force signal Fc based upon the primary 
control policy command force signal Fp. Where 
Fes is positive, then corrective action in the form of 



increased damper force is deemed necessary in 
order to avert an end-stop collision. 

The damper command force signal Fc may be 
any one of a number of functions of the end-stop 
5 command force signal Fes and the primary control 
command force signal Fp whereby Fes and Fp are 
combined in some manner depending on the ve- 
hicular application. For example, the two values 
might be added or combined in a preselected ratio. 
w A preferred option in most cases would be to use 
whichever is largest such that Fc is equal to the 
greater of Fes and Fp. as represented by the 
equation Fc = Max(Fes, Fp). The damper com- 
mand force signal Fc may also be a combination of 

75 the two signals Fes and Fp, as represented by the 
function Fc = Fp + Fes. Where Fes is a positive 
quantity or by the function Fc = Fp + hFerr, 
where Ferr Is a negative quantity. Vet another 
function may be contemplated as represented by 

20 the equation Fc = GFp + (1-G) Fes. In this 
equation, G is a constant representing the desired 
ratio of the two signals Fp and Fes. Here it is 
contemplated that G might be inversely propor- 
tional to the RMS value of the relative displacement 

25 Xr. Thus, for example, if the RMS value of the 
relative displacement were small and G were nor- 
malized to one, then the control policy would prin- 
cipally be that of the sky hook. However, If the 
RMS value of the relative displacement became 

30 large, then the control policy would principally be 
that of the end-stop override. 

At step 1 28, the damper command force signal 
Fc is sent to the damper assembly 22 and accord- 
ingly adjusts the damping force of the assembly 22 

35 to provide semlactive control in which the inci- 
dence of end-stop collisions have been eliminated 
or at least reduced. Control proceeds from step 
128 again to step 102. Generally, the rate of execu- 
tion of this repeat loop will be on the order of once 

40 every two to four milliseconds, however, such may 
vary and depend on the dynamics of the physical 
system. 

FIG. 4 describes an alternative embodiment of 
an end-stop override control policy for use in con- 

45 junction with damper assembly 22 which is of the 
orifice-setting type instead of a force controlled 
damper. As previously described, an orifice-setting 
damper cannot respond to a force command but 
Instead requires a position command of the valve 

50 in the damper. The orifice-setting damper operates 
by setting a valve in the damper between a fully 
closed position and a theoretically infinite number 
of open positions of varying diameter. In step 200, 
the parameters of the system iO are initialized 

55 which vary depending on the dimensions, damper 
configuration and operating environment of the sys- 
tem. The parameters include the available relative 
displacement Xes, the maximum allowable absolute 
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vertical acceleration Am. and the feedback gain 
coefficient V. The foregoing parameters are the 
same as those previously discussed with reference 
to FIG. 3, and therefore will not be described 
further. For the orifice-setting damper of the 5 
present embodiment, additional parameters are 
also initialized which include "Ao", "A1" and "Z". 
Ao represents the equivalent fluid leakage area in 
the valve 38 of the damper assembly 22 when the 
valve is in the fully closed position. A1 represents io 
the increment in orifice area of the valve 38 for a 
single step or change in position of the valve of the 
damper assembly 22. Z represents a term that 
defines the damper fluid properties such as density 
and orifice discharge coefficient. The parameters 75 
Ao, A1 and Z may be determined by direct or 
indirect measurementis. 

Once the above parameters are initialized, the 
alternative control policy may proceed to perform 
its remaining functions in a repeat loop as shown in 20 
FIG. 4 whereby a damper command position signal 
"Pc" is determined and provided to the damper 
assembly 22 on the order of once every few mil- 
liseconds. Steps 202-222 of the alternate end-stop 
override control policy are identical to the cor- 25 
responding steps 102-122 of the end-stop override 
control policy previously described with reference 
to FIG. 3. Accordingly, steps 202-222 will not be 
described further. 

In step 224, a signal Pc representing a damper 30 
command position is generated by the summing 
device 70. The summing device 70 receives the 
end-stop override command force signal Fes from 
the override control block 68. Step 226 indicates 
that the summing device 70 also receives the in- 35 
stantaneous value of a signal Pp representing a 
command position from the primary control block 
66. In the present embodiment the primary control 
policy provides the damper command position sig- 
nal Pp to the damper assembly 22 of the orifice- 40 
setting type, instead of the primary control com- 
mand force Fp, as discussed in the previous em- 
bodiment. 

The damper command position signal Pc is a 
function of the primary control policy's damper 45 
command position signal Pp and the end-stop 
override command force signal Fes. as represented 
generally by the equation Pc = fn(Pp,Fes). The 
damper command position signal Pc may be any 
one of a number of functions of Pp and Fes, 50 
depending on the vehicular application and char- 
acteristics of the damper assembly 22. One such 
function operates to decrease the damper com- 
mand position signal Pc, proportional to the end- 
stop override command force signal Fes. As the 55 
damper command position signal Pc is decreased, 
the orifice area of the valve 38 is decreased thus 
closing the valve to a smaller diameter. The effect 



of closing the valve in this manner is to increase 
the damping force beyond that commanded by the 
primary control policy, thus decreasing the inci- 
dence of end-stop collisions. This function may be 
represented by the equation Pc = Pp - int(VFes). 
The feedback gain parameter V may be optimized 
according to the requirements of the system 10. 
The integer function, lnt{ ), operates to on the 
argument. VFes, to truncate the decimal part so 
that only the integer part is subtracted from Pp. It 
is understood that when Pc Is equal to zero, the 
valve 38 of the damper assembly 22 is fully closed. 

Another function for determining the damper 
command position signal Pc uses a square-law 
orifice model of the valve 38 of the damper assem- 
bly 22 to translate the end-stop override command 
force signal Fes into a corresponding valve position 
signal "Pes." The square-law orifice model con- 
verts the command force signal Fes into the valve 
position signal Pes based on characteristics of the 
damper assembly 22 as determined by the con- 
stants Ao, A1 and Z. The square-law orifice model 
is given by the equation: 

Pes = int[(Z|Vr|)/(A1 Sqrt(Fes)) - A0/AI ] 

where Ao, A1 and Z represent the previously de- 
scribed parameters which are respectively, the 
valve leakage when closed, the valve area incre- 
ment for a single step In the valve positioner, and 
fluid properties. The constants Ao, A1, and Z may 
be determined experimentally and need not be 
exact for operation of the system 1 0. 

The valve position signal Pes as determined 
above corresponds to a maximum allowable valve 
position at the current instant in time, in order to 
avoid an end-stop collision. Thus, whenever the 
primary control command position signal Pp Is 
greater than the override valve position signal Pes, 
the override value position signal Pes should be 
chosen as the damper command position signal Pc 
to prevent the end-stop collision. Likewise, when 
the primary control command position signal Pp is 
less than the override valve position signal Pes, 
then the primary control command position signal 
Pp should be chosen for the damper command 
position signal Pc. The foregoing may be repre- 
sented by the equation Pc = min(Pp, Pes). Alter- 
natively, Pes could be used to reduce Pp, which 
may provide better performance in some applica- 
tions. This can be represented by the equation Pc 
= Pp - Pes. 

At step 228, the damper command position 
signal Pc is sent to the damper assembly 22 and 
accordingly adjust the orifice-setting of the assem- 
bly 22 to provide semiactive control in which the 
incidence of end-stop collisions have been elimi- 
nated or at least reduced. Control proceeds from 
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Step 228 again to step 202. As before, the rate of 
execution of this repeat loop will be on the order of 
once every two to four milliseconds, however, such 
may vary and depend on the dynamics of the 
physical system. 5 

Although not specifically illustrated in the draw- 
ings, it is understood that additional equipment and 
structural components will be provided as neces- 
sary, and that these and all of the components 
described above are arranged and supported in an io 
appropriate fashion to form a complete and oper- 
ative system 10 incorporating features of the 
present invention. 

It is also understood that variations may be 
made in the present invention without departing is 
from the spirit and scope of the invention. For 
example, the system 10 may be employed in auto- 
mobiles, commercial vehicles, military vehicles, or 
may be used in aircraft or aerospace applications. 
The system 10 may also be used for improving 20 
isolation in stationary systems. It is contemplated 
that any one of a variety of primary control policies 
may be used in conjunction with the system 10 for 
either fully active or semiactive damper assem- 
blies. 25 

Although illustrative embodiments of the inven- 
tion have been shown and described, a latitude of 
modification, change and substitution is intended In 
the foregoing disclosure, and in certain instances 
some features of the invention will be employed 30 
without a corresponding use of other features. Ac- 
cordingly, it is appropriate that the appended 
claims be construed broadly and in a manner con- 
sistent with the scope of the invention. 

35 

Claims 

1. A method for controlling the operation of an 
isolation systeni haying a damper assembly 
Interconnecting relatively movable members to 40 
attenuate the transmission of forces there- 
between in which the relative movement of the 
members in at least one direction is restricted 
beyond a certain limit by an end stop, said 
method comprising the steps of: 45 

monitoring conditions of operation of said 
isolation system and producing data indicative 
thereof; 

providing damper command signals to 
said damper assembly to adjust the damping so 
characteristics thereof in accordance with 
preselected primary control instructions and as 
determined by said data; 

altering said damper command signals 
provided to said damper assembly as deter- 55 
mined in accordance with preselected override 
control instructions in order to change said 
damping characteristics at times when said 



system under control of said damper com- 
mand signals alone will meet or exceed said 
end stop, thereby reducing or minimizing end- 
stop collisions. 

2. The method of Claim 1 wherein said preselec- 
ted override control instructions operate to in- 
crease said damping characteristics as re- 
quired to minimize an end-stop collision. 

3. The method of claim 1 wherein said preselec- 
ted override control instructions operate to de- 
crease said damping characteristics in order to 
increase suspension travel without Increasing 
the occurrence of end-stop collisions. 

4. The method of any one of Claims 1 to 3 
wherein said damper assembly is of the on/off 
control type. 

5. The method of any one of Claims 1 to 3 
wherein said damper assembly is of the orifice 
setting type. 

6. The method of any one of Claims 1 to 3 
wherein said damper assembly is of the force 
control type. 

7. The method of any one of Claims 1 to 3 
wherein said damper assembly is of the fully 
active type. 

8- Apparatus for controlling the operation of an 
isolation system having an adjustable damper 
assembly Interconnecting relatively movable 
members to attenuate the transmission of 
forces therebetween In which the relative 
movement of the members in at least one 
direction is restricted beyond a certain limit by 
an end stop, said apparatus comprising: 

sensor means for monitoring conditions of 
operation of said isolation system and for pro- 
ducing data indicative thereof; 

primary control means for receiving said 
data and for producing primary command sig- 
nals to be used for the amplification and at- 
tenuation of forces between the members in 
accordance with preselected instructions and 
as determined by said data; 

secondary control means for receiving said 
data and for producing override command sig- 
nals to be used for the attenuation of forces 
between the members in accordance with 
preselected instructions and as determined by 
said data; 

means responsive to said primary and 
override command signals for producing al- 
tered damper command signals which are a 
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function of said primary and override com- 
mand signals at times when end-stop collisions 
are likely to occur, so as to minimize the 
incidence of end-stop collisions. 

5 

. The apparatus of Claim 8 wherein said secon- 
dary control means further comprises: 

means for calculating an error value re- 
sponsive to said sensor data to indicate when 
said end-stop collisions are likely to occur; to 

feedback control means responsive to said 
error value for generating said override com- 
mand signals; and 

summing means responsive to said pri- 
mary and override command signals for pro- is 
ducing said altered damper command signals. 

0. The apparatus of Claim 8 wherein said means 
responsive to said primary and override com- 
mand signals produces damper command sig- 20 

nals which are equal to the greater of said 
primary command and said override command 
signals. 

1. The apparatus of Claim 8 wherein said means 25 
responsive to said primary and override com- 
mand signals produces damper command sig- 
nals which are equal to the sum of said pri- 
mary command and said override command 
signals. 30 

2. The apparatus of Claim 8 wherein said means 
responsive to said primary and override com- 
mand signals produces damper command sig- 
nals which are equal to the sum of a weighted 35 
percentage of primary command and said 
override command signals. 
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DETERMINE DISTANCE 
REMAINING TO 
SUSPENSION END - STOP 
(Xdiff = Xes-Xsign(Vr)) 





PROVIDE AN 
END STOP 
OVERRIDE 
I COMMAND FORCE 
PROPORTIONAL 
TO Ferr 
(Fes=h ferr) , 
L X" 



PROVIDE AN 
END STOP 
OVERRIDE 
COMMAND 
FORCE EQUAL 
TO ZERO 
(Fcs=0) 



DETERMINE MAXIMUM 
ALLOWABLE REUTIVE 
VELOCITY ABOVE WHICH AN 
END STOP COLLISION IS 
LIKELY TO OCCUR 
Vrm=sqrt(2Am| Xdiff l)sign(Xdlff) 
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GENERATE AN ERROR VALUE 
BASED ON THE DIFFERENCE 

BETWEEN THE 
INSTANTANEOUS RELATIVE 
VELOCITY AND THE MAX 
ALLOWABLE REL VELOCITY 
(e=IVrl-Vrm) 



PROVIDE AN 
END STOP 
OVERRIDE 
COMMAND 
FORCE EQUAL 
TO Ferr 
(Fes=Ferr) 
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GENERATE A DAMPER 
COMMAND POSITION WHICH IS 

A FUNCTION OF THE 
PRIMARY CONTROL COMMAND 
POSITION AND THE END STOP 
OVERRIDE COMMAND FORCE 
Pc =fn(Pp,Fes) 
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COMMAND THE DAMPER 
TO SET TO POSITION Pp 
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